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Motor Neuron±Derived Retinoid Signaling Specifies
the Subtype Identity of Spinal Motor Neurons
that project to dorsally derived limb muscles (Landmes-
ser, 1978; Hollyday, 1980). Motor neurons destined to
form the medial LMC leave the cell cycle before lateral
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LMC neurons (Hollyday and Hamburger, 1977; WhitelawBiophysics
and Hollyday, 1983), and as a consequence, prospectiveColumbia University
lateral LMC neurons emerge from the ventricular zoneNew York, New York 10032
and migrate past medial LMC neurons to their final posi-
tion. The time of generation and the distinct migratory
environment represent two prominent differences be-Summary
tween the development of lateral LMC neurons and
other motor neurons. In addition, the total number ofThe diversification of neuronal cell types in the verte-
motor neurons generated at limb levels of the spinalbrate central nervous system depends on inductive
cord is greater than that at nonlimb levels (Oppenheimsignals provided by local organizing cell groups of
et al., 1989), presumably to accommodate the formationboth neural and nonneural origin. The influence of sig-
of the LMC.nals provided by postmitotic neurons on the fate of
Lateral LMC neurons can be distinguished molecu-neurons born at subsequent development stages,
larly from other subtypes of motor neurons by the ex-however, remains unclear. We provide evidence that
pression of LIM homeobox genes (Figures 1A±1C; Tsu-a retinoid-mediated signal provided by one subset of
chida et al., 1994). All somatic motor neurons initiallyearly-born spinal motor neurons imposes a local varia-
express Isl1 and Isl2, and most maintain the expressiontion in the number of motor neurons generated at dif-
of these genes (Tsuchida et al., 1994). Lateral LMC neu-ferent axial levels and also specifies the identity of
rons, however, extinguish Isl1 and initiate Lim1 expres-a later-born subset of motor neurons. Thus, in the
sion as they begin to migrate past medial LMC neurons,vertebrate central nervous system the distinct fates
thus acquiring a unique LIM homeobox gene codeof late-born neurons may be acquired in response to
(Tsuchida et al., 1994). Studies of LIM homeobox genesignals provided by early-born neurons.
function in vertebrates and invertebrates (Curtiss and
Heilig, 1998; Pfaff and Kintner, 1998) have provided evi-Introduction
dence that this gene family has a role in motor neuron
differentiation and axon pathfinding.The patterning of the vertebrate central nervous system
The diversification of motor neuron subtypes is initi-(CNS) depends on the generation of distinct classes of
ated by inductive signals from the axial and paraxialneurons at specific times and in appropriate numbers.
mesoderm that operate along the dorsoventral and ros-In many regions of the developing CNS, the time at
trocaudal axes of the neural tube (Tanabe and Jessell,which a neuron is generated appears to be related to
1996). However, medial and lateral LMC motor neurons
its eventual location and identity (McConnell, 1995;
are generated from progenitor cells that occupy the
Pearlman et al., 1998). In the cerebral cortex, for exam-
same dorsoventral and rostrocaudal positions, and thus
ple, neurons that leave the cell cycle at early times popu-
it is unlikely that mesodermalsignals impose this distinc-
late deep cortical layers, whereas neurons generated at
tion. The late birth date of lateral LMC neurons and their
later times settle in more superficial layers and acquire
migration past early-born LMC neurons prompted us to
distinct identities (Angevine and Sidman, 1961; Rakic,
consider whether the fate of lateral LMC neurons might
1974). One consequence of such inside-out programs be directed by signals provided by early-born LMC neu-
of neurogenesis is that later-born neurons migrate past
rons. This hypothesis would invoke the idea that LMC
early-born neurons to reach their final position. These
motor neurons generated at early stages express a local
observations have led to speculation that the distinct
but non-cell-autonomous signal that induces the lateral
fates of later-born neurons may be acquired in part LMC phenotype in late-born LMC neurons.
through their encounter with early-born neurons (Ange- Three lines of evidence suggested that retinoids might
vine and Sidman, 1961; Hatten, 1993). represent such an LMC-derived signal. First, studies in
The link between neuronal birth date, migratory pat- vitro and in transgenic mice have provided evidence for
tern, and identity is also evident in the generation of a peak of retinoid signaling at limb levels of the spinal
motor neurons in the spinal cord. These conserved fea- cord (Rossant et al., 1991; Colbert et al., 1993; McCaffery
tures are particularly apparent for motor neurons of the and DraÈger, 1994; Solomin et al., in press). Second, the
lateral motor column (LMC). This class of motor neurons gene encoding retinaldehyde dehydrogenase 2 (RALDH2),
is generated selectively at brachial and lumbar levels of an enzyme capable of synthesizing retinoic acid, is pres-
the spinal cord, and their axons innervate target muscles ent in the ventral spinal cord at limb levels (Wang et al.,
in the limb (Landmesser, 1978; Hollyday, 1980). Within 1996; Zhao et al., 1996). Third, the expression of Lim1,
the LMC, motor neurons can be further divided into a gene that distinguishes lateral from medial LMC neu-
two subclasses: medial LMC neurons that project to rons, is induced by retinoic acid in Xenopus embryos
ventrally derived limb muscles, and lateral LMC neurons (Taira et al., 1994). We therefore tested the possibility
that early-born LMC neurons synthesize a retinoid that
induces the lateral LMC phenotype in late-born LMC*To whom correspondence should be addressed.
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Figure 1. Limb Level Restriction of Lateral LMC Neurons and RALDH2 Expression
(A) Motor column organization along the rostrocaudal axis of the chick spinal cord at stage 29. The lateral MMC is not depicted. MMC(M),
medial subdivision of median motor column; LMCM, medial subdivision of the lateral motor column; LMCL, lateral subdivision of the lateral
motor column; CT, column of Terni. (B and C) Motor column organization and LIM-HD protein code in brachial (B) and thoracic (C) spinal
cord. Box indicates region analyzed in (D)±(I). MMCL neurons are indicated in light blue. (A)±(C) modified from Ensini et al. (1998).
(D±I) Expression of Isl1/21 motor neurons (green), Isl1, Lim11 LMCL motor neurons (orange), and Lim1/21 interneurons (red) in stages 19±29
brachial spinal cord.
(J±O) Sections of brachial spinal cord showing expression of RALDH2 by roof plate and motor neurons. Arrows depict motor neurons.
(P±U) Sections of thoracic spinal cord showing expression of RALDH2 by roof plate but not motor neurons. The outline of the neural tube at
stage 19 is marked by a dotted line.
neurons. We also examined whether the increased num- and the proportion of neurons within columnar sub-
classes at limb (brachial) and trunk (thoracic) levels ofber of motor neurons generated at limb levels of the
spinal cord (Oppenheim et al., 1989) is also a conse- the spinal cord (Figures 1A±1C). This analysis was per-
formed by monitoring LIM homeodomain (LIM-HD) pro-quence of local retinoid signaling from LMC neurons.
Our results support a role for motor neuron±derived tein expression at stage 19, during the peak period of
motor neuron generation, and at stage 29, after the pro-retinoid signaling in both these aspects of motor neuron
differentiation. LMC neurons selectively express RALDH2 duction of all motor neurons but before the onset of
motor neuron cell death (Hamburger, 1977; Hollyday andmRNA and protein. RALDH2 can convert inactive reti-
noid precursors into retinoids that function in a non-cell- Hamburger, 1977). At stage 19, the total number of Isl1
motor neurons generated at brachial and thoracic levelsautonomous manner to increase motor neuron num-
ber and to induce a lateral LMC phenotype. Retinoic acid was similar (Table 1 legend), whereas at stage 29, there
was a 38% increase in motor neuron number at brachialreceptor antagonists block both the retinoid-induced
increase in motor neuron number and the generation of compared to thoracic levels (Table 1). This finding is
consistent with previous estimates based on histologylateral LMC neurons. Taken together, our results sug-
gest that neuronally released retinoids coordinate the (Oppenheim et al., 1989). At stage 29, lateral LMC neu-
rons constituted z40% of all LMC neurons and z30%number, subtype identity, and timing of motor neuron
differentiation at limb levels of the spinal cord. of the total number of brachial motor neurons (Table 1).
Comparison of the number of motor neurons allocated
to each columnar subclass at brachial and thoracic lev-Results
els also suggested that the extra motor neurons gener-
ated at brachial levels are destined to populate the LMCThe Number and Subtype Identity of Motor
Neurons Differ at Brachial and Thoracic (Table 1).
At brachial levels, prospective lateral LMC neuronsLevels of the Spinal Cord
To begin to examine the development of LMC neurons, extinguish Isl1 and initiate Lim1 expression from stage
21 as they begin to migrate past earlier-born neuronswe compared the number of motor neurons generated
Retinoids and Motor Neuron Subtype Specification
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Table 1. Quantitative Analysis of Motor Neuron Generation
at Brachial and Thoracic Levels of the Spinal Cord
Motor LIM HD Neuronal % of
Column Code Number Total MN
Brachial
MMCM Isl11, Isl21, Lim31 33 6 3 18
LMCM Isl11, Isl22, Lim12 93 6 3 50
LMCL Isl21, Lim11 60 6 2 32
Total 186 6 2
Thoracic
MMCM Isl11, Isl21, Lim31 35 6 2 26
MMCL Isl11, Isl21 39 6 2 29
CT Isl11 60 6 2 45
Total 134 6 2
Motor neuron number in individual motor columns determined by
analysis of the LIM-HD code of motor neurons at brachial and tho-
racic levels of stage 29 embryos. Similar values were obtained in
stage 27 embryos. Values indicate motor neuron number/10 mm
section, unilaterally. At stage 19, the mean number of motor neurons
at brachial (60 6 2) or thoracic (57 6 1) levels was similar.
Mean 6 SEM; n 5 8 sections at brachial and thoracic levels.
Figure 2. Analysis of RALDH2 Expression By Neural Cells In Vitro
(A) Experimental design for in vitro assays. Br, brachial; Th, thoracic
destined to populate the medial LMC (Figures 1D±1G; explant; FP, floor plate. 1/2R denotes presence or absence of
retinoids. MN, motor neurons; LIM HD, LIM homeodomain proteins;data not shown; Tsuchida et al., 1994). By stage 27, all
INT, interneuron markers.lateral LMC neurons coexpress Isl2 and Lim1 and have
(B) RT-PCR analysis of brachial neural tissue. st25, RALDH2 expres-migrated to the lateral region of the ventral horn (Figures
sion in the ventral region of stage 25 brachial spinal cord analyzed
1H and 1I). A similar program of LMC development is without culture. st14 1 60h, RALDH2 expression in stage 14 brachial
apparent at lumbar levels (Tsuchida et al., 1994; data neural tube [vf] explants grown for 60 hr.
not shown). In contrast, at thoracic levels, MMC neurons (C) RT-PCR analysis of thoracic neural tube. st14 1 60 hr, RALDH2
expression in stage 14 thoracic neural tube [vf] explants grown forcoexpress Isl1 and Isl2, visceral motor neurons express
60 hr alone (lanes 1 and 2), with 100 nM RA (lanes 3 and 4) or 1 mMIsl1 alone, and neither class expresses Lim1 (Ensini et
Rol (lanes 5 and 6). No expression of RALDH2 was detected inal., 1998; data not shown). Thus, an enhanced number
thoracic explants demonstrating that the rostrocaudal identity is
of motor neurons is generated at brachial levels, and maintained. In (B) and (C), the S17 gene was used as control. PCR
many LMC neurons acquire a distinct lateral identity. analysis was carried out with (1) orwithout (2) reverse transcriptase.
Similar results were obtained in three experiments.
Selective Expression of RALDH2 by LMC Neurons
To begin to define the contribution of retinoid signaling
RALDH2 expression distinguishes developing LMC neu-to motor neuron differentiation, we examined the pattern
rons from other somatic or visceral motor neurons; andof expression of RALDH2 in the developing spinal cord.
(3) RALDH2 expression precedes the appearance ofAt brachial levels, RALDH2 expression is first detected
Isl21, Lim11 lateral LMC neurons.at stage 19 (Figure 1J), and at this and subsequent
stages, expression in the ventral spinal cord appeared
to be restricted to motor neurons (Figures 1J±1O). By
The Rostrocaudal Distinction in Motor Neuronstage 27, when the MMC and LMC have segregated,
Identity Is Maintained In Vitroexpression of RALDH2 is restricted to LMC neurons
The selective expression of RALDH2 by LMC neurons(Figures 1N and 1O; data not shown). Within the LMC,
permitted us to determine whether the distinction inRALDH2 was expressed by both medial and lateral LMC
the columnar identity of motor neurons generated atneurons (Figures 1N and 1O). A similar LMC-specific
brachial and thoracic levels is maintained in vitro. Topattern of RALDH2 expression was detected at lumbar
test this, the ventral third of the neural tube was isolatedlevels (data not shown). Consistent with the restriction
from brachial or thoracic levels of stage 14 embryosof RALDH2 expression to LMC neurons, no expression
(Figure 2A), including the floor plate as a source of Sonicof the gene was detected in motor neurons at thoracic
hedgehog (Shh) required for motor neuron differentia-levels (Figures 1P±1U). The expression of RALDH2 in
tion (Ericson et al., 1996). At this stage, no motor neuronsmotor neurons at brachial and lumbar levels persisted
have been generated (Hollyday and Hamburger, 1977),until at least stage 35, although from stage 29 onward,
but the rostrocaudal identity of neural tube cells is stabi-expression gradually became restricted to specific mo-
lized (Ensini et al., 1998). These ventral/floor plate ([vf])tor neuron pools (Figure 1O; data not shown). The only
explants were grown for 60 hr, and the expression ofother site of RALDH2 expression in the spinal cord was
RALDH2 was analyzed by RT-PCR. Cultured brachialin the roof plate, both at limb (Figures 1N and 1O) and
[vf] explants expressed RALDH2 at a level similar to thatnonlimb levels (Figures 1T and 1U).
detected in the ventral region of the brachial spinal cordThese selective results show that (1) RALDH2 expres-
at stage 25 (Figure 2B). In contrast, cultured thoracicsion is initiated during the early phase of motor neuron
generation at brachial levels of the spinal cord; (2) [vf] explants did not express RALDH2 (Figure 2C, lanes
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synthesis of RA by RALDH2. To examine further the
involvement of RALDH2 activity in the control of motor
neuron number, we exposed thoracic [vf] explants,
which do not express RALDH2, to Rol or RA and mea-
sured the number of Isl1 motor neurons. In contrast to
results obtained with brachial level explants, exposure
of thoracic [vf] explants to Rol did not increase motor
neuron number (Figure 3B), whereas RA similarly in-
duced an z60% increase in Isl1 motor neurons (Figure
3B). Taken together, these results provide evidence that
(1) retinoids increase the number of motor neurons; (2)
the increase in motor neuron number detected after
exposure of brachial [vf] explants to Rol is correlated
with the synthesis of active retinoids by RALDH2activity;
and (3) the apparent requirement for RALDH2-generated
retinoids can be overcome by exogenous RA.
We next examined if the increase in motor neuron
number reflects an action of retinoids on ventral progeni-
tor cells. To test this, brachial [vf] explants were grown
alone, with Rol, or with RA for 24 hr and then exposed
for 1 hr to BrdU to label cells in S phase. All brachial
motor neurons derive from Pax61, Nkx2.22 progenitors
(Ericson et al., 1997; data not shown), and analysis of
Figure 3. Retinoids Increase Ventral Progenitor Cell and Motor Neu- BrdU incorporation was therefore restricted to cells dor-
ron Number sal to Nkx2.21 cells within the domain of motor neuron
(A) Quantitation of Isl1 motor neurons in stage 14 brachial [vf] ex- generation (Figure 3C; white bar). The number of BrdU1
plants grown alone (Con), with Rol (1 mM), or RA (100 nM) for 60 hr. cells in [vf] explants grown with Rol or RA was increased
Exposure of stage 19 [vf] explants to Rol and RA for 36 hr also
by z45% (Figure 3D). Thus, the retinoid-induced in-increased the total number of Isl1 motor neurons (Con, 121 6 7;
crease in motor neuron number at brachial levels ap-Rol, 260 6 11; RA, 248 6 9, mean 1 SEM, n 5 5).
pears to result from an increase in the numberof progen-(B) Quantitation of Isl1 motor neurons in stage 14 thoracic [vf] ex-
plants grown alone (Con), with Rol (1 mM), or RA (100 nM) for 60 hr. itor cells. These experiments suggest that, at limb levels,
(C) Section of a brachial [vf] explant grown for 24 hr and labeled a RALDH2-generated LMC source of retinoids acts non-
with anti-BrdU (green) and anti-Nkx2.2 (red) after a 60 min pulse of cell-autonomously to increase the number of motor neu-
BrdU at 23 hr. Quantitation of BrdU1 cells presented in (D) was
ron progenitors and, consequently, postmitotic motorderived from the domain dorsal to Nkx2.21 cells (indicated by white
neurons.bar).
(D) Quantitation of BrdU1/Nkx2.22 cells in brachial [vf] explants
grown alone (Con) or with Rol (1 mM) or RA (100 nM).
Histograms in (A), (B), and (D) show mean 6 SEM, cells/section. Retinoids Induce Lateral LMC Neurons In Vitro
Two to three sections were counted in each of five to ten explants. The influence of retinoids on motor neuron number
In (A), Rol and RA induced an increase in Isl1 cells (p 5 0.01, p 5 raised the issue of whether retinoids also control the
0.008); in (B), RA induced an increase in Isl1 cells (p , 0.01) in
differentiation of lateral LMC neurons. To test this, we(D), both Rol and RA induced an increase in BrdU1/Nkx2.22 cells
examined the identity of motor neurons generated in(p , 0.01).
brachial [vf] explants, as assessed by LIM-HD protein
expression.
Brachial [vf] explants grown alone contained many1 and 2). These results provide evidence that the rostro-
caudal distinction in the columnar identity of motor neu- Isl1 motor neurons (Figures 4A and 4B), of which z30%
were Lim31 (an MMCM phenotype) and z70% wererons is maintained in vitro.
Lim32 (a medial LMC phenotype),but none coexpressed
Lim1 (Figures 4A, 4B, and 4G; data not shown). Thus,Retinoids Increase the Number of Ventral
Progenitor Cells and Motor Neurons under control conditions, motor neurons with a lateral
LMC phenotype are not generated. To determine theThe limb-level restriction in RALDH2 expression led us
to examine whether the greater number of motor neu- involvement of RALDH2 activity and retinoids in the gen-
eration of the lateral LMC phenotype, we grew [vf] ex-rons generated at limb levels is a consequence of reti-
noid signaling by LMC neurons. We counted the number plants in the presence of Rol or RA. In both conditions,
z20%±25% of Isl1 motor neurons coexpressed Lim1of Isl1 motor neurons in brachial [vf] explants grown
alone; with retinol (Rol; 1 mM), a metabolic precursor of (Figures 4C, 4E, and 4G; see Figure 3A; data not shown).
Moreover, these Lim11 motor neurons coexpressed Isl2retinoic acid; or with all-trans retinoic acid (RA; 100 nM).
The number of Isl1 motor neurons in [vf] explants grown but not Isl1 (Figures 4C±4G and data not shown), the
lateral LMC LIM-HD phenotype. RA induced Isl21, Lim11in the presence of either Rol or RA was increased by
z60% (Figure 3A). The detection of an increase in motor motor neurons by 12 hr, and their number increased
over time (Figure 4 legend). A similar induction of lateralneuron number with Rol, as well as with RA, indicates
that explants grown in medium with no added retinoid LMC neurons was observed when stage 19 [vf] explants
were exposed to Rol or RA (Table 2), indicating thatare deprived of the metabolic substrate required for
Retinoids and Motor Neuron Subtype Specification
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Figure 4. Retinoid Induction of Lateral LMC Neurons In Vitro
(A and B) Brachial [vf] explants grown alone for 60 hr contain distinct populations of Isl1 motor neurons (green) and Lim1/2 interneurons (red).
(C and D) Brachial [vf] explants grown for 60 hr with 1 mM Rol. (C) z20% of Isl1/21 motor neurons (green) coexpress Lim1 (orange cells).
Many Lim1/21 interneurons (red cells) are present. (D) Isl1 (green) is not coexpressed with Lim1 (red).
(E and F) Brachial [vf] explants grown for 60 hr with 100 nM RA. (E) z20% of Isl1/21 motor neurons (green) coexpress Lim1 (orange cells).
(F) Isl1 (green) is not coexpressed with Lim1 (red).
(G) Quantitation of Isl21, Lim11 and Isl11, Lim11 neurons in brachial [vf] explants grown alone (Con), with Rol, or with RA. The number of Isl1/21,
Lim11 cells was also counted after 12, 18, and 36 hr exposure to RA. Of 241 Isl1 neurons, 69 were Isl21, Lim11 after 12 hr. Exposure to RA
(18 and 36 hr) resulted in Isl21, Lim11 expression in 105 of 546 Isl1 neurons and 258 of 1158 motor neurons, respectively.
(H and I) Thoracic [vf] explants grown alone (Con) contain distinct populations of Isl1 motor neurons (green) and Lim1/21 (red) interneurons.
(J and K) Thoracic [vf] explants grown with 1 mM Rol contain Isl1 motor neurons (green) that rarely coexpress Lim1 (red).
(L and M) Thoracic [vf] explants grown with RA contain 10%±15% of Isl1 motor neurons (green) that coexpress Lim1 (orange cells, L). Isl11
motor neurons (green) do not coexpress Lim1 (red, M).
(N) Quantitation of Isl21, Lim11 motor neurons in thoracic [vf] explants. The number of Isl1 motor neurons that expressed Isl1 was reduced
by z30% in thoracic [vf] explants treated with RA (data not shown), indicating that RA represses expression of Isl1 in addition to inducing
Lim1. Histograms in (G) and (N) show mean 6 SEM neurons/section. Two to three sections were counted for five to six explants. For the
proportion of motor neurons induced to coexpress Isl2 or Lim1, compare values in panel (G) with Figure 3A.
(O) The position of Chx101 V2 interneurons and Isl11 D2 interneurons in relation to motor neurons (MN).
(P) Brachial [vf] explants grown alone generate Chx101 (green) and Lim1/21 (red) interneurons.
(Q) Brachial [vf] explants grown with RA (100 nM) generate Chx101 V2 interneurons (green), but none coexpress Lim1 (red).
(R±T) Stage 14 dorsal brachial neural tube explant showing that Isl11 D2 interneurons (green) do not coexpress Lim1 (red) when grown alone
(R), with RA (T), or with Rol (S).
Images in (P±T) are representative of five to ten explants.
ventral cells are sensitive to retinoids at the stage when the lateral LMC phenotype at nonlimb levels of the neural
tube. Thoracic [vf] explants were grown for 60 hr aloneRALDH2 expression is initiated by LMC neurons. The
proportion of Lim31 motor neurons was not altered by or with Rol or RA. Thoracic [vf] explants grown alone
generated many Isl1 motor neurons, but none coex-the addition of Rol or RA, and Lim31 motor neurons
were not induced to express Lim1 by Rol or RA (data pressed Lim1 (Figures 4H, 4I, and 4N). Thoracic [vf] ex-
plants grown in the presence of Rol also contained few,not shown). Thus, RALDH2 activity and RA can induce
a lateral LMC phenotype in brachial motor neurons. if any, Isl21, Lim11 motor neurons (Figures 4J, 4K, and
4N), whereas explants grown with RA generated manyWe next addressed whether retinoids can also induce
Cell
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Table 2. Temporal Requirement for Retinoid Signaling
in the Generation of the Lateral LMC Phenotype
(A) Induction and Maintenance of Isl21, Lim11 Motor Neurons
in Brachial [vf] Explants
Stage Stage Stage Stage Stage
14 19 23 25 27
t0 0 0 53 6 5 94 6 6 96 6 3
Con 0 0 10 6 3 33 6 5 92 6 9
Rol 38 6 6 30 6 2 49 6 5 69 6 12 84 6 9
RA 34 6 4 55 6 3 30 6 5 85 6 13 78 6 10
(B) Competence for Induction of Isl21, Lim11 Motor Neurons
in Thoracic [vf] Explants
Stage Stage Stage Stage
14 16 18 24
RA 17 6 1 13 6 2 17 6 3 1 6 0
(A) Values indicate the number of Isl21, Lim11 neurons in brachial
[vf] explants analyzed at the time of isolation of the explant (t0) and
after 60 hr (stage 14), 36 hr (stage 19), or 24 hr (stage 23±27) in vitro, Figure 5. Regulation of Lateral LMC Neuron Generation and Motor
grown alone (Con), with 1 mM Rol, or with 100 nM RA. Different Neuron Number by Retinoid Receptor Agonists and Antagonists
times of in vitro incubation were designed to attain the equivalent (A) Comparison of the Isl21/Lim11 motor neurons in brachial [vf]
developmental stage in vivo. explants grown alone (Con) or with TTNPB or LG100268 (abbreviated
(B) Number of Isl21, Lim11 neurons in thoracic [vf] explants isolated to LG268).
at different developmental stages and exposed to RA (100 nM) for (B) Analysis of Isl1 motor neurons in brachial [vf] explants grown
48 hr. alone (Con) or with TTNPB and LG268. The number of Isl1 cells in
Values are mean 6 SEM 7 neurons/section. Two to three sections explants grown with TTNPB was not greater (p 5 0.05) than that in
were counted from five to six explants. explants grown alone. LG268 induced an increase in Isl1 neurons
(p 5 0.036).
(C) Quantitation of Isl21, Lim11 motor neurons in stage 14 [vf] ex-
plants grown alone (Con), with 1 mM Rol alone, or with Rol in theIsl21, Lim11 neurons (Figures 4L±4N). These results
presence of RAR-specific (LG100815 [LG815], 1 mM) and/or RXR-show that RA can induce the lateral LMC phenotype at
specific (LG100849 [LG849], 1 mM) antagonists. Decreases in Isl21,nonlimb levels and further implicate RALDH2 activity in
Lim11 neurons in the presence of LG815 (p , 0.01), LG849 (p ,
the Rol-induced generation of lateral LMC neurons at 0.01), and LG815 1 LG849 (p , 0.01) were significant.
brachial levels. (D) Quantitation of Isl1 motor neurons in brachial [vf] explants grown
The specificity of retinoid signaling was assayed fur- alone (Con), with 1 mM Rol alone, or with Rol in the presence of
LG815 and LG849. Decreases in motor neuron number in the pres-ther by determining whether RA or Rol induce Lim1
ence of LG849 (p , 0.01) and LG815 1 LG849 (p , 0.01) wereexpression in interneurons that normally do not express
significant.this protein. Brachial [vf] explants grown alone or in the
Histograms show mean 6 SEM neurons/section. Two to three sec-
presence of RA contained many Chx101 V2 neurons tions were counted for five to ten explants. The number of motor
(Ericson et al., 1997), but none of these coexpressed neurons in explants grown with LG815 alone was not different (p 5
Lim1 (Figures 4O±4Q). Similarly, stage 14 dorsal neural 0.06) from control.
tube explants grown alone contained Isl11 D2 neurons
(Liem et al., 1997), but Lim1 expression was not induced
in these neurons by Rol or RA (Figures 4O, 4R±4T). Thus, number of Isl1 motor neurons (Figure 5B), whereas
LG100268 increased motor neuron number to an extentretinoids appear to induce Lim1 expression selectively
in motor neurons. similar to that obtained with RA (Figure 5B; see also
Figure 3A). These results suggest that the RXR subclass
predominates in the retinoid-induced increase in motorRetinoid Receptor Activation Is Required for the
Generation of Lateral LMC Neurons and for neuron number.
To determine whether the induction of lateral LMCthe Control of Motor Neuron Number
To provide an indication of the subtype of retinoid recep- neurons by RALDH2-generated retinoids depends on
retinoid receptor activation, we grew brachial [vf] ex-tors that mediate the induction of the lateral LMC pheno-
type, we exposed brachial [vf] explants to agonists se- plants with Rol in the presence of selective RAR and
RXR antagonists. Explants grown with either the RARlective for the retinoic acid receptor (RAR) and retinoid
X receptor (RXR) subclasses. The RAR agonist TTNPB antagonist LG100815 or the RXR antagonist LG100849
exhibited a 75%±80% decrease in the number of Isl21,(Pignatello et al., 1997) produced a marked increase in
the number of Isl21, Lim11 motor neurons (Figure 5A), Lim11 neurons (Figure 5C). Exposure of [vf] explants to
both antagonists blocked the induction of Isl21, Lim11whereas explants exposed to the RXR agonist LG100268
(Boehm et al., 1994; Lala et al., 1996) generated few neurons (Figure 5C). These results suggest that RXR as
well as RAR signaling is required for the generation ofIsl21, Lim11 neurons (Figure 5A). These results suggest
that the RAR subclass predominates in the induction of the LMC phenotype. We also examined whether RAR
and RXR antagonists blocked the Rol-mediated in-the lateral LMC phenotype. Does the same profile of
agonist activity operate in the retinoid-induced increase crease in motor neuron number. Exposure of brachial
[vf] explants to RXR but not RAR antagonists partiallyin motor neuron number? TTNPB did not increase the
Retinoids and Motor Neuron Subtype Specification
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inhibited the Rol-induced increase in motor neuron num-
ber (Figure 5D). Joint addition of bothantagonists almost
completely inhibited the Rol-induced increase in motor
neuron generation but did not decrease motor neuron
number below the value obtained in the absence of Rol
(Figure 5D). These results provide evidence that endoge-
nous retinoids synthesized in LMC motor neurons by
RALDH2 require retinoid receptor activation for the
specification of the lateral LMC phenotype and for the
enhancement of motor neuron number.
A Critical Period of Retinoid Signaling in the
Specification of Lateral LMC Identity
We next examined when the lateral phenotype of LMC
neurons is established, focusing on three issues. First,
does retinoid signaling specify the lateral LMC pheno-
type before or after motor neurons have left the cell
cycle? Second, are retinoids required for the mainte-
nance as well as the induction of the lateral LMC pheno-
type? Third, over what period do motor neurons remain
competent to respond to the lateral LMC-inducing activ-
ities of retinoids?
Two prior observations suggested that retinoids im-
pose a lateral LMC phenotype only after motor neurons
have left the cell cycle. First, the lateral LMC phenotype
becomes evident between stages 21 and 25 (Figure 1),
yet lateral LMC neurons leave the cell cycle from stage
18 (Hollyday and Hamburger, 1977; Whitelaw and Holly-
day, 1983). Second, lateral LMC neurons transiently ex- Figure 6. Retinoids Can Induce a Lateral LMC Phenotype in Postmi-
press Isl1, a protein detected only in postmitotic motor totic Motor Neurons
neurons (Ericson et al., 1992). To test whether retinoids (A±D) Confocal images of motor neurons generated in stage 14 [vf]
explants grown for 48 hr with BrdU. (A) Triple label image showingcan induce the lateral LMC phenotype in postmitotic
four neurons coexpress Isl2 and Lim 1. Three are BrdU1 (arrow-neurons, stage 14 brachial [vf] explants were grown with
heads), and one is BrdU2 (white arrow). (B) Double label image ofRA for 48 hr in the continued presence of BrdU. Of
the same section, showing that one Lim11 neuron (white arrow) has
the total population of motor neurons generated in [vf] not incorporated BrdU. Arrowheads depict three Lim11 neurons,
explants grown with RA, z15% failed to incorporate which are BrdU1. (C and D) Separated channels of the same image
BrdU (Figures 6A and 6E; data not shown), consistent as in (A) and (B), showing that Lim1/2 and Isl1/2 are coexpressed
by all four neurons (arrow and arrowheads).with previous findings that some motor neuron progeni-
(E) Quantitation of BrdU incorporation into Isl1 motor neurons intors have passed through their final S phase by stage
stage 14 brachial [vf] explants grown for 48 hr with RA and BrdU.14 (Ericson et al., 1996). Of these early-generated, BrdU2
Fifteen percent of Isl1 motor neurons failed to incorporate BrdU.
motor neurons, z12% were induced by RA to coexpress Histogram in (E)±(G) shows cumulative counts from ten images de-
Isl2 and Lim1, the lateral LMC phenotype (Figures 6A±6D rived from five explants. Isl1, BrdU1 neurons/section: 98 6 9,
and 6F). This value is likely to be an underestimate of mean 6 SEM; Isl1, BrdU2 neurons/section: 16 6 3, mean 6 SEM.
(F) Quantitation of phenotype of BrdU2 (early generated) motor neu-the proportion of cells that acquire their lateral LMC
rons that coexpress Isl2 and Lim1. Isl21, Lim11 neurons/section:phenotype as postmitotic neurons since our analysis
2 6 1, mean 6 SEM; Isl1 neurons/section: 16 6 3, mean 6 SEM.did not include the many cells that incorporate BrdU as
(G) Quantitation of phenotype of BrdU1 (later generated) motor neu-
progenitors but subsequently leave the cell cycle and rons. Sixteen percent of BrdU1 motor neurons coexpress Isl2 and
differentiate into postmitotic neurons (Ericson et al., Lim1. Isl21, Lim11 neurons/section: 15 6 3, mean 6 SEM; Isl1 neu-
1996). These findings therefore support the idea that rons/section: 98 6 9, mean 6 SEM.
motor neurons acquire a lateral LMC identity after they
have left the cell cycle. Furthermore, RA induced the
lateral LMC phenotype at similar efficiency in early-gen- number of Isl21, Lim11 neurons was decreased by 65%±
81% in the absence of Rol (Table 2A). Addition of Rolerated (BrdU2) and late-generated (BrdU1) motor neu-
rons (Figures 6F and 6G), indicating that precocious or RA maintained the lateral LMC phenotype of many
or all of these neurons (Table 2A). However, stage 27exposure to retinoids can induce a lateral LMC pheno-
type in early-born motor neurons. [vf] explants maintained Isl21, Lim11 motor neurons in
the absence of Rol (Table 2A). These results provideDoes the maintenance of the lateral LMC phenotype
require ongoing retinoid signaling? To test this, we iso- evidence that maintenance of the lateral LMC phenotype
requires ongoing retinoid signaling over the period thatlated brachial [vf] explants at stages when the LIM-HD
phenotype of many or all lateral LMC neurons has been these neurons are migrating to their lateral position.
Moreover, since all brachial motor neurons are postmi-acquired (Figures 1F±1H) and grew them in the absence
of Rol for 24 hr. In stage 23 and 25 [vf] explants, the totic at stage 25 (Hollyday and Hamburger, 1977), these
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Figure 7. RALDH2 Expression Confers a Non-
Cell-Autonomous Signal that Induces a Lat-
eral LMC Phenotype
(A) The location of RALDH2 (red) in LMC neu-
rons and roof plate in stage 27 brachial spinal
cord.
(B and C) Ventral quadrant of a stage 27 bra-
chial spinal cord showing RALDH2 (red) is
expressed by both medial Isl1/21 (green, B)
and lateral Lim1/21 (green, C) motor neurons,
but not by MMC neurons (arrow in B).
(D) Section of stage 27 thoracic spinal cord,
showing RALDH2 (red) in roof plate but not
in motor neurons.
(E±H) Developmental onset of Lim1 and
RALDH2 expression in prospective lateral
LMC neurons. (E) Triple label image of stage
23 brachial spinal cord shows that medially
located Isl1/21, Lim11 motor neurons (light
blue, arrows) do not express RALDH2 (red).
(F) Double label image of the same section,
showing that medial Lim11 motor neurons
(green, arrows) do not express RALDH2 (red).
(G and H) Separated channels of same image,
showing coexpression of Lim1 (G) and Isl1/2
(H) in medially located motor neurons (arrows).
(I±N) Sections of stage 25 thoracic ventral spi-
nal cord of a RALDH2-infected embryo. (I)
Section of thoracic ventral spinal cord, show-
ing that clusters of cells ectopically express
RALDH2 (red). (J) Section of thoracic ventral
spinal cord of a RALDH2-infected embryo ad-
jacent to that in (I). Many thoracic motor neu-
rons (green) close to patches of RALDH21
cells coexpress Lim1 (orange cells). (K) High
magnification view of ventral spinal cord of
a RALDH2-infected embryo (see J), showing
Isl1/21 (green) coexpression with Lim1 (or-
ange) in motor neurons. (L) Isl1 (green) and
Lim1 (red) are not coexpressed in thoracic motor neurons in RALDH2-infected embryos. (M) Ectopic RALDH2 expression (red cells; arrows)
is detected within the motor neuron domain. Of 214 Lim11 motor neurons (green cells, arrowheads), 208 did not coexpress RALDH2. Lim1
expression by motor neurons is detected close to ectopic RALDH21 cells.
(N) Section through thoracic level of an uninfected embryo showing the absence of Lim1 (red) expression in motor neurons (green). Similar
findings were obtained in 5 RALDH2-infected embryos.
results provide additional evidence that the lateral LMC lateral LMC neurons (Figures 7B and 7C). This finding
thus leaves open the possibility that the lateral LMCphenotype is controlled by retinoid signaling after motor
neurons have left the cell cycle. phenotype might be acquired in response toa cell-intrin-
sic retinoid activity rather than to a nonautonomousTo define the period over which motor neurons remain
competent to respond to retinoids with the generation signal provided by early-born LMC neurons.
To distinguish between these possibilities, we exam-of the lateral LMC phenotype, we added RA to thoracic
[vf] explants isolated at different stages. Cells in ex- ined the onset of RALDH2and Lim1 expression by lateral
LMC neurons. At stage 23, many Isl21, Lim11 lateralplants isolated at stages 16 and 18 retained the capacity
to respond to RA with the generation of Isl21, Lim11 LMC neurons are still located medial to Isl11, Isl21 me-
dial LMC neurons (Figures 7E±7H). These Isl21, Lim11motor neurons (Table 2B). However, by stage 24, a time
when the generation of motor neurons is virtually com- neurons did not express RALDH2 (Figures 7F±7H; ar-
rows), suggesting that their lateral LMC phenotype hasplete (Prasad and Hollyday, 1991), few if any Isl21, Lim11
motor neurons were induced by RA (Table 2B). Thus, not been acquired through cell-intrinsic RALDH2 activ-
ity. Many of the motor neurons that were located inmotor neurons lose the competence to respond to reti-
noids with the generation of a lateral LMC phenotype. an even more medial position, distant from RALDH21
neurons, will populate the lateral LMC, but at this stage
these neurons expressed Isl1/2 but not Lim1 (FiguresNonautonomy of RALDH2-Dependent Induction
of Lateral LMC Neurons 7E±7H). These observations support the idea that the
lateral phenotype of LMC neurons is acquired by virtueWe next addressed whether motor neuron±derived reti-
noid activity acts in a non-cell-autonomous manner. We of their proximity to a RALDH2-dependent signal pro-
vided by earlier-born LMC neurons.first localized RALDH2 in developing motor neurons.
The pattern of RALDH2 expression coincided with that If RALDH2 activity indeed confers a non-cell-autono-
mous signal, misexpression of RALDH2 in vivo might beof RALDH2 (Figures 7A±7D) and was detected in both
Isl11, Isl21 medial LMC neurons and in Isl21, Lim11 predicted to induce a lateral LMC phenotype in adjacent
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motor neurons. To test this, we used a retroviral vector possibility that retinoid activity in LMC neurons induces
the secretion of a downstream factor.to misexpress RALDH2 within theneural tube and exam-
ined the phenotype of motor neurons that differentiated In the absence of RALDH2 activity, the number of
motor neurons generated in vitro at brachial and tho-at thoracic levels, a region normally devoid of lateral
LMC neurons (Figure 7N; Ensini et al., 1998). In regions racic levels of the neural tube is similar. This result sug-
gests that spinal motor neuron number is controlled byof the thoracic spinal cord where ectopic expression of
RALDH2 was detected (Figure 7I), many Isl1, Lim11 mo- two sequential programs. An early RALDH2-indepen-
dent program appears to specify a basal number oftor neurons were induced (Figures 7J and 7K). Moreover
these neurons expressed Isl2 and not Isl1 (Figures 7K motor neurons that is constant at thoracic and brachial
levels of the neural tube. This early program dependsand 7L). This result shows that deregulation of RALDH2
expression in vivo is sufficient to generate motor neu- critically on the level of Shh signaling activity in the
ventral neural tube (Ericson et al., 1997). Superimposedrons with a lateral LMC phenotype at nonlimb levels of
the spinal cord. on this early program, however, appears to be a later,
RALDH2-dependent, and limb-level-specific enhance-This finding permitted us to examine the spatial rela-
tionshipbetweencells that ectopicallyexpressed RALDH2 ment in motor neuron generation. The independence of
these two programs is supported by the finding thatand the position of the motor neurons that were induced
to express a lateral LMC phenotype. Ectopic Lim11 mo- retinoid receptor antagonists block the Rol-induced in-
crease in motor neuron number but do not reduce thetor neurons (Figure 7M, arrowheads) were located close
to clusters of RALDH21 cells (Figure 7M, arrows), but total number of motor neurons below the basal level.
97% of ectopic Lim1 motor neurons did not themselves
express RALDH2 (Figure 7M; data not shown). This re- Retinoid Signaling and the Control of Motor
Neuron Subtype Identitysult shows that RALDH2 expression in vivo generates
an inductive activity that acts non-cell-autonomously Functional subclasses of motor neurons in the devel-
oping vertebrate CNS can be defined by the combinato-but locally to impose a lateral LMC phenotype on adja-
cent motor neurons. rial expression of LIM homeobox genes (Tsuchida et al.,
1994; Appel et al., 1995; Varela-Echavarria et al., 1996).
Genetic analysis of LIM homeobox gene function in ver-Discussion
tebrates and invertebrates has provided evidence for
involvement of these genes in early neural patterning,The generation of motor neurons at limb levels differs
motor neuron differentiation, and axon pathfinding (Cur-
markedly from that atother axial levels of the spinal cord:
tiss and Heilig, 1998; Pfaff and Kintner, 1998). Our results
more motor neurons are generated, the LMC subclass of
provide evidence that the LIM-HD protein code that de-
motor neurons is formed, and a subset of LMC neurons
fines lateral LMC neurons is established in response to
acquires a distinct lateral identity. Our results indicate
a RALDH2-generated and LMC neuron±derived source
that many of the specialized features of motor neuron
of retinoid activity. Thus, the pattern of RALDH2 expres-generation at limb levels of the spinal cord arise in re-
sion appears to underlie the restriction in generation ofsponse to a local source of retinoid activity provided by
lateral LMC neurons to limb levels of the spinal cord.early born LMC neurons. We discuss the implications
Our results suggest a model (Figure 8) in whichof these findings for the specification of motor neuron
RALDH2 expression by early-born LMC neurons gener-subtype identity and number, and more generally for
ates a retinoid activity that acts non-cell-autonomouslythe strategies that coordinate the birth date and identity
to impose a lateral phenotype on later-born LMC neu-of neurons in the vertebrate CNS.
rons. Two sets of observations support this model. First,
the onset of expression of RALDH2 by many late-born,
Retinoid Signaling and the Local Control prospective lateral LMC neurons is detected only after
of Motor Neuron Number these neurons have begun to coexpress Isl2 and Lim1.
The number of motor neurons in the developing spinal This result suggests that retinoid synthesis by late-born
cord varies along the rostrocaudal axis, peaking at limb LMC neurons occurs too late to impose the lateral LMC
levels (Hamburger, 1977). This peak results in large part phenotype in a cell-intrinsic manner. Second, misexpres-
from theenhanced generation of motor neurons (Oppen- sion of RALDH2 in vivo is sufficient to induce a lateral
heim et al., 1989) independent of any later contribution LMC phenotype in a non-cell-autonomous manner.
of cell death to final motor neuron number (Hamburger, The analysis of the retinoid control of motor neuron
1975). The rate of progenitor cell proliferation has also number indicates that retinoid activity in LMC neurons
been reported to be enhanced at limb levels in the spinal can act on ventral progenitor cells. In contrast, the ac-
cord of amphibian embryos (Coghill, 1933). Our results quisition of the lateral LMC phenotype in response to
suggest that the generation of additional motor neurons retinoids appears to occur after motor neurons have left
at limb levels is a consequence of the selective expres- the cell cycle. Moreover, maintenance of the lateral LMC
sion of RALDH2 and the subsequent synthesis of reti- phenotype requires ongoing retinoid signaling as late as
noids by LMC neurons. RALDH2 expression is initiated stage 25, well after the time that brachial motor neurons
only after LMC neurons have left the cell cycle, yet its have left the cell cycle (Hollyday and Hamburger, 1977).
activity influences the numberof ventral progenitor cells. Taken together, these results suggest that retinoids
Thus, retinoid activity in motor neurons appears to gen- provided by early-born LMC neurons act in a non-cell-
erate a non-cell-autonomous signal that controls ventral autonomous manner to influence sequentially the devel-
progenitor cell proliferation. The most likely mediator of opment of motor neuron progenitors and postmitotic
motor neurons.this signal is a retinoid, although we cannot exclude the
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the efficiency of induction of the lateral LMC phenotype
in these early born motor neurons is similar to that de-
tected for motor neurons generated at later stages.
Moreover, exposure of stage 14 brachial [vf] explants
to retinoids induced a lateral LMC phenotype within 12
hr, or z20 hr before the appearance of the first lateral
LMC neurons in vivo. Nevertheless, retinoids induced
only z25% of motor neurons to acquire a lateral LMC
phenotype. The nature of this constraint is not resolved
by our studies but appears not to be associated with
any specialized feature of LMC neurons, since early ex-
posure of thoracic level motor neurons to retinoids in-
duced the lateral LMC phenotype at a similar efficiency.
Figure 8. Model for the Specification of Lateral LMC Neurons
(A) Signals from mesodermal cells act at early neural tube stages
The Establishment of Neuronal Retinoidto establish a generic LMC motor neuron identity. A Shh-mediated
Signaling by LMC Neuronssignal from the notochord (blue arrow) and floor plate is required
for motor neuron differentiation. A signal from paraxial mesoderm The expression of RALDH2 marks a critical step in the
(brown arrow) imposes a brachial identity and leads to the genera- diversification of somatic motor neuron subtypes and
tion of LMC neurons (red cells). is a distinguishing feature of LMC neurons. How is the
(B) Early born LMC neurons (red) express RALDH2. Prospective
general character of LMC neurons, revealed by RALDH2lateral LMC neurons (gray cells) are generated later and begin to
expression, established? Neural tube cells appear tomigrate laterally. Proximity with and/or migration past early-born
acquire an early limb level identity in response to signalsmedial LMC neurons exposes prospective lateral LMC neurons to
a RALDH2-generated LMC neuron±derived retinoid signal that in- from the paraxial mesoderm (Figure 8A) before the gen-
duces Lim1 and represses Isl1, thus imposing a lateral LMC pheno- eration of motor neurons (Ensini et al., 1998). Thus, ven-
type (green cells). The inset depicts the non-cell-autonomous signal tral progenitor cells appear to possess an early rostro-
as a retinoid, but the model does not exclude the possibility that
caudal positional identity that subsequently restricts theretinoid activity within motor neurons induces the secretion of a
generation of LMC motor neurons to limb levels.downstream factor. Late born LMC neurons acquire a lateral LMC
MMC neurons are also generated at limb levels, butLIM-HD phenotype and settle in the lateral LMC.
how the distinction between MMC and LMC neurons
is achieved remains unclear. Nevertheless, our resultsThe ability of retinoid receptor antagonists to block
show that thoracic level MMC neurons can acquire athe Rol-mediated induction of Isl21, Lim11 motor neu-
lateral LMC phenotype upon retinoid exposure in vitrorons establishes a requirement for retinoid signaling in
and after RALDH2 misexpression in vivo. These findingsthe generation of the lateral LMC phenotype. Activation
therefore suggest that the late-acting, RALDH2-depen-of RAR signaling appears to be most effective in mediat-
dent program of lateral LMC generation is separate froming the retinoid control of motor neuron subtype identity,
the early paraxial mesoderm-dependent program thatwhereas RXR agonists are most effective in enhancing
imposes a generic LMC identity.motor neuron number. Both RAR and RXR isoforms are
expressed by ventral progenitor cells and by embryonic
motor neurons (Yamagata et al., 1984; Ruberte et al., Neuronal Retinoid Signaling, Inside-Out Migration,
and the Control of Neuronal Fate1990; DolleÂ et al., 1994; Smith, 1994). Differences in
retinoid receptor expression may therefore underlie the The late birth date of lateral LMC neurons requires that
they migrate past early-born neurons to reach their finaldistinct signaling pathways through which retinoids ap-
pear to control motor neuron progenitor number and position (Figure 8B). What role might this inside-out pro-
gram of neuronal migration have in the establishmentcolumnar subtype identity.
A model in which retinoids provided by early-born of the lateral LMC phenotype? The detection of late-
born Isl21, Lim11 lateral LMC neurons in positions adja-LMC neurons direct the lateral phenotype of late-born
LMC neurons raises the additional issue of why in vivo, cent but medial to early-born RALDH21 medial LMC
neurons provides evidence that proximity with early-early-born LMC neurons themselves fail to acquire a
lateral LMC identity. One possibility is that by the time born neurons is sufficient to achieve a lateral LMC iden-
tity. The failure of late-born LMC neurons to migrateRALDH2 is expressed and generates a sufficiently high
level of retinoid activity, early-born, prospective medial past medial LMC neurons might, however, have the con-
sequence that some LMC neurons fail to be exposedLMC neurons are no longer able to respond. Consistent
with this possibility, our in vitro studies show that motor to retinoid signals before they lose competence to re-
spond. In this view, the migration of prospective lateralneurons have lost the ability to generate a lateral LMC
phenotype by the end of the period of motor neuron LMC neurons through early-born LMC neurons would
achieve a rapid intermixing of inductive and responsivegeneration.
The early exposure of motor neurons to retinoids neurons and ensure that the entire population of late
born LMC neurons efficiently encounters a local sourcewould then be expected to result in the precocious dif-
ferentiation of lateral LMC neurons. Consistent with this, of retinoid signals.
A model in which the identity of lateral LMC neuronswe observed that many BrdU2, and thus early-born,
motor neurons (Ericson et al., 1996) can acquire a lateral is imposed by retinoid signals derived from earlier-born
LMC neurons raises the further question of why lateralLMC phenotype in response to retinoid signals. Indeed,
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three sections of five to ten different explants. Sigma plot softwareLMC neurons themselves express RALDH2. The expres-
was used for statistical analysis.sion of RALDH2 persists in the LMC but becomes re-
stricted to specific motor neuron pools (our unpublished
BrdU Incorporation
observations). It is possible, therefore, that motor neu- For progenitor cell proliferation, explants were pulse-labeled for 1
ron±derived retinoid signals have a later role in motor hr with 10 mM BrdU after 23 hr. For analysis of motor neuron identity,
neuron subtype diversification, perhaps contributing to explants were labeled with 1 mM BrdU continuously for 48 hr in the
presence of 100 nM RA. BrdU incorporation was detected with anthe pool identity of LMC neurons (Landmesser, 1978).
anti-BrdU antibody (Becton Dickinson).Inside-out programs of neurogenesis are prominent
in many regions of the vertebrate CNS, notably in the
Retrovirus Injections
mammalian cerebral cortex (Hatten, 1993; McConnell, cRALDH2 was subcloned into the RCAS(B) replication competent
1995). Recent gene targeting studies have identified pro- vector (Morgan and Fekete, 1996), and viral stocks were prepared
teins involved in the radial migration of embryonic neu- from infected chick embryo fibroblasts. Viral infections were per-
formed on stage 4±5 embryos that were permitted to develop untilrons in the cortex and other regions of the mouse CNS
stage 25.(Pearlman et al., 1998). It remains unclear whether these
proteins have a role in the migration of LMC neurons,
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